We grew wafer-scale, uniform nanolayers of gallium telluride (GaTe) on gallium arsenide (GaAs) substrates using molecular beam epitaxy. These films initially formed in a hexagonal close-packed structure (h-GaTe), but monoclinic (m-GaTe) crystalline elements began to form as the film thicknesses increased to more than approximately 90 nm. We confirmed the coexistence of these two crystalline forms using x-ray diffraction and Raman spectroscopy, and we attribute the thickness-dependent structural change to internal stress induced by lattice mismatch with the substrate and to natural lattice relaxation at the growth conditions. © 2017 Author ( 
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[http://dx.doi.org/10.1063/1.4978776]
Since the discovery of graphene in 2004, interest in the field of two-dimensional atomic layered materials has been growing. 1 Due to graphene not having an inherent bandgap, interest moved to transition metal dichalcogenides such as MoS 2 , WS 2 , WSe 2 , and HfS 2 , which demonstrate semiconductor properties. 2 Group III elements have also been found to partner well with Group VI elements to form semiconductors with an inherent bandgap. 3, 4 The intrinsic bandgap in these materials can be tailored by changing the constituent elements and the number of layers. This type of bandgap engineering is of great interest to those developing new devices for photonics, solar energy harvesting, or sensing, but it has proved difficult to obtain uniform, thin layers over large surface areas. 5, 6 Mechanical exfoliation can be performed to obtain these thin layers, but that technique yields small samples and, by its nature, is difficult to scale to large areas. Hence, the availability of wafer-scale, uniformly grown layered materials is desired.
Earlier works regarding GaTe grown by chemical vapor deposition (CVD), critically demonstrated the crystal structure's instability. 7, 8 The hexagonal close-packed crystal structure of GaTe (h-GaTe) tends to be converted to monoclinic (m-GaTe) after annealing at 500 • C, indicating that mGaTe is the more preferred orientation. This metastable structure was attributed to the fact that every third Ga-Ga bond in the structure changes from out-of-plane position to in-plane position with little gross lattice reorganization and, consequently, the overall layer orientation is retained. The out-ofplane Ga-Ga bond represents, the h-GaTe structure, whereas the in-plane Ga-Ga bond represents the m-GaTe. Despite this structural difference, the bond differences between hexagonal and monoclinic crystals are insufficient to affect the electronic properties, as both optical bandgaps fall within the range of 1.7 -1.75 eV. 9, 10 In contrast to the other III-VI compounds, GaTe is predicted to be more advantageous when considering optoelectronic applications. 10, 11 Typically, in III-VI layered compounds such as GaS and GaSe, all Ga-Ga bonds are oriented normal to the layer planes, resulting in an indirect band gap. 12, 13 In m-GaTe, however, one-third of the bonds are parallel to the layer planes, which suggests a direct band gap of 1.7 eV at the Z point of the Brillouin zone. The direct band gap becomes indirect when GaTe is thinned to a monolayer according to theoretical approaches. 13, 14 Therefore, in multilayered GaTe, one can expect improved optical absorption efficiency and enhanced optoelectronic performance compared to a monolayer of GaTe. Growth of III-VI compounds by molecular beam epitaxy (MBE) has not been demonstrated in the field of layered mono chalcogenides. Now we demonstrate layered growth by MBE, using a custom-built MBE system, including extensive cryogenic shrouding and a cryopump. Initially, to remove the native GaAs oxide on the substrate surface, standard preheating procedures were performed under an arsenic stabilization flux at ∼600 • C for 15 minutes. The substrate was then cooled to 450 • C for GaTe growth. Growth was also performed at 300 • C, but the crystalline structure formed was found to be more unstable. Solid gallium and tellurium effusion cells were used with a beam equivalent pressure (BEP) flux ratio of Te:Ga of approximately 10:1, providing Te-rich growth conditions. This should cause the layer to exhibit natural p-type conductivity, as it has been suggested that Te-rich growth conditions cause more cation (Ga) vacancies in the GaTe layers which results in p-type conductivity leading to better performing field-effect-transistors and phototransistors based on gated GaTe layers. 11 The substrates used in this work were 3-inch diameter (100) semi-insulating GaAs wafers. Figure 1 (a) shows a scanning electron microscope (SEM) cross-sectional image of a sample with a growth time of 210 minutes (167 nm thickness) yielding a growth rate of ∼8 Å/min.
Figure 1 (b) shows a TEM image, suggesting that a h-GaTe crystalline structure forms and transforms to a m-GaTe crystalline structures growth proceeds. To further demonstrate this, we grew a few layers of GaTe with thicknesses of 4 nm to 16 nm, using the same procedure as discussed above. The blue curve in Fig. 2 (a) reveals the XRD pattern of the 9 nm thick sample, exhibiting only h-GaTe peaks. It has a low signal to noise ratio due to the small film thickness. The red curve in Fig. 2 (a) shows the thicker sample's XRD pattern (167 nm), exhibiting both m-GaTe and h-GaTe peaks. In addition, we confirmed that the GaTe is polycrystalline via a reciprocal space map of the 21.3 • h-GaTe, 23.5 • m-GaTe and 31.5 • GaAs peaks shown in Fig 2 (c) . Due to the nucleation on the mismatched GaAs substrates, it was seen that the GaTe formed in a crystalline hexagonal structure almost immediately. The symmetrical h-GaTe (a=4.1 Å) crystal structure is more closely matched to the GaAs (100) surface (a=5.65 Å) than is the m-GaTe (a=17.4 Å, b=4.08 Å) crystal structure. The initial stress of the lattice difference between the cubic GaAs (100) surface and the h-GaTe layers (37.8% lattice mismatch) caused the h-GaTe to be the preferred form. As the GaTe layer thickness increases, it relaxes into the more naturally stable state of m-GaTe for these growth conditions. pattern in Fig 2 (a) ) has a 55.90 • peak of m-GaTe. These peaks are in good agreement with other reported h-GaTe properties. 7, 8, 15 The red pattern demonstrates a mixed phase of two crystal structures, h-GaTe and m-GaTe. However, the m-GaTe peaks do not appear in the sample of thickness 9 nm (blue pattern) in Fig 2 (a) . This is attributed to the fact that the GaTe initially formed in a hexagonal structure, and later transformed into a monoclinic structure. The GaTe structure's instability has been demonstrated in earlier works by annealing samples. 8 To confirm this hypothesis, we annealed the sample with a thickness of 167 nm, containing both the h-GaTe and m-GaTe layers. We performed a post-growth anneal at 400 • C for 5 min under a nitrogen atmosphere in a tube furnace. As seen in Fig 2 (b) , the XRD pattern showed both h-GaTe and m-GaTe peaks before annealing. After annealing the sample, shown in the red pattern of Fig 2(b) , both the h-GaTe peak at 21.25 • and the m-GaTe peak at 23.68 • disappeared, and the m-GaTe (0 3 0) peak at 25.88 • , a dominant peak of monoclinic GaTe, strongly appeared in the green graph of Fig 2(b) . This indicates that the annealing process exerted influence on the Ga-Ga bonds of the sample so that h-GaTe transformed to m-GaTe as discussed above. All traces of the h-GaTe diffraction peaks were gone. Since the annealing process occurred under different conditions than the MBE growth, a different crystalline direction (0 3 0) of the monoclinic GaTe structure is now favored compared to the (-4 2 0) m-GaTe peak that was dominate in the as-grown MBE sample. The reason for this change in peak dominance due to annealing needs further investigation to fully understand the change in GaTe films' structural stress. Raman scattering was used to investigate the GaTe structural behavior as the sample thickness varied, as shown in Fig 3. Raman peaks at 127 cm -1 and 142 cm -1 , corresponding to interlayer modes, were observed consistently and without peak variation as thickness increased. In addition to these van [16] [17] [18] This indicated that sample thickness was strongly related to the transition from h-GaTe to m-GaTe. We note that the bulk properties of GaTe in terms of Raman peaks are critical at the thickness of 91 nm. In a recent discussion regarding the oxidation effect of GaTe in air, the van der Waals interactions were affected by surface aging, attributed to the formation of GaTe-O 2 , GaTe-OH, and GaTe-H 2 O bonds. 19 In conclusion, we employed MBE to grow large area, uniform thickness nanolayers of GaTe on GaAs (001) substrates with thicknesses ranging from 4 to 167 nm. Detailed characterization using cross-sectional TEM, XRD, and Raman scattering exhibited an initial layer of h-GaTe, which later transitioned to a m-GaTe structure. The instability of h-GaTe was demonstrated via an XRD pattern shift towards m-GaTe during post-growth annealing. In contrast, GaSe is a related and stable material system. 5, 6 Multilayers of GaSe and GaTe could be proposed to help stabilize the GaTe. We noted that Raman peaks had a thickness dependence, and that m-GaTe peaks were dominant for thicknesses greater than 91 nm. Future works are needed to verify the relationship between changes caused by surface oxidation and the m-GaTe transition due to lattice mismatch.
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